More than 100 million people in the United States live in areas that exceed current ozone air quality standards. In addition to its known pulmonary effects, environmental ozone exposures have been associated with increased hospital admissions related to cardiovascular events, but to date, no studies have elucidated the potential molecular mechanisms that may account for exposure-related vascular impacts. Because of the known pulmonary redox and immune biology stemming from ozone exposure, we hypothesized that ozone inhalation would initiate oxidant stress, mitochondrial damage, and dysfunction within the vasculature. Accordingly, these factors were quantified in mice consequent to a cyclic, intermittent pattern of ozone or filtered air control exposure. Ozone significantly modulated vascular tone regulation and increased oxidant stress and mitochondrial DNA damage (mtDNA), which was accompanied by significantly decreased vascular endothelial nitric oxide synthase protein and indices of nitric oxide production. To examine influences on atherosclerotic lesion formation, apoEϪ/Ϫ mice were exposed as above, and aortic plaques were quantified. Exposure resulted in significantly increased atherogenesis compared with filtered air controls. Vascular mitochondrial damage was additionally quantified in ozone-and filtered air-exposed infant macaque monkeys. These studies revealed that ozone increased vascular mtDNA damage in nonhuman primates in a fashion consistent with known atherosclerotic lesion susceptibility in humans. Consequently, inhaled ozone, in the absence of other environmental toxicants, promotes increased vascular dysfunction, oxidative stress, mitochondrial damage, and atherogenesis. environmental oxidants; atherosclerosis; mitochondria; mitochondrial DNA damage; mice; nonhuman primates; lung; oxidative stress; nitric oxide OZONE (O 3 ) is a ubiquitous, highly reactive gas that is a principal oxidant in photochemical smog. O 3 exposure is widespread in the United States, with more than 100 million people living in areas that exceed current air quality standards (14). Extensive investigations of O 3 -related pathophysiological sequelae clearly document that exposures initiate and exacerbate pulmonary disease in humans, and numerous studies have suggested that inhaled O 3 produces effects beyond perturbations occurring within the composite respiratory tract (14). While epidemiological studies have shown associations between O 3 exposure and increased cardiovascular morbidity and mortality (7), studies providing mechanistic links between O 3 and cardiovascular dysfunction and/or disease (CVD) development remain limited.
environmental oxidants; atherosclerosis; mitochondria; mitochondrial DNA damage; mice; nonhuman primates; lung; oxidative stress; nitric oxide OZONE (O 3 ) is a ubiquitous, highly reactive gas that is a principal oxidant in photochemical smog. O 3 exposure is widespread in the United States, with more than 100 million people living in areas that exceed current air quality standards (14) . Extensive investigations of O 3 -related pathophysiological sequelae clearly document that exposures initiate and exacerbate pulmonary disease in humans, and numerous studies have suggested that inhaled O 3 produces effects beyond perturbations occurring within the composite respiratory tract (14) . While epidemiological studies have shown associations between O 3 exposure and increased cardiovascular morbidity and mortality (7) , studies providing mechanistic links between O 3 and cardiovascular dysfunction and/or disease (CVD) development remain limited.
It is well documented that other pulmonary toxicants (e.g., tobacco smoke, particulates) influence the vascular system (29) . Due to the intimate coupling of the pulmonary and cardiovascular systems, and because O 3 generates bioactive reaction products that lead to diverse biochemical alterations that activate immune cascades within the lung, we hypothesized that inhaled O 3 initiates downstream cardiovascular perturbations. The goal of this study was to conduct a comprehensive investigation of exposure effects on vascular physiological function, endothelial-mediated vasomotor tone regulation, oxidant biochemistry, mitochondrial damage, and atherogenesis using an environmentally relevant exposure paradigm. Overall, the experimental results demonstrated that O 3 exposure significantly altered blood pressure, heart rate, endothelial-dependent vascular function, oxidative stress, mitochondrial damage, and atherogenesis in mice. Additional early life studies in nonhuman primates showed that O 3 exposure increased vascular mitochondrial damage in a fashion consistent with known atherosclerotic lesion development susceptibility in humans.
MATERIALS AND METHODS
Mice. Male C57Bl/6 mice were purchased from Jackson Laboratories (Bar Harbor, ME) and were provided food (PicoLab Rodent Chow 20) and water ad libitum. Because normocholesterolemic C57Bl/6 mice do not typically develop atherosclerotic lesions, male apoEϪ/Ϫ mice were purchased (Jackson Laboratories) and fed normal mouse chow (PicoLab Rodent Chow 20) for atherosclerotic lesion assessment relative to O 3 exposure; the hypercholesterolemic apoEϪ/Ϫ mouse is a well-characterized model for atherosclerotic lesion development (33) . Animal care was given in accordance with institutional guidelines. A minimum of five animals per exposure group was used for each experimental endpoint.
Nonhuman primates. All monkeys were from the breeding colony at the California National Primate Research Center at the University of California, Davis. Seven male infant rhesus monkeys (Macaca mulatta) were removed from their mothers at birth and raised as social groups in housing supplied with chemically, biologically, and radiologically filtered air, as previously described (40) . Care and housing of animals before, during, and after treatment complied with the provisions of the Institute of Laboratory Animal Resources and conformed to practices established by the American Association for Accreditation of Laboratory Animal Care. Animal protocols were reviewed and approved by both the University of Alabama at Birmingham and University of California, Davis, Institutional Animal Use and Care Committees.
Exposure regimens. Mouse exposures were conducted at the University of Alabama at Birmingham Environmental Exposure Facility. Commencing at 6 wk of age, C57Bl/6 mice were exposed to 0.5 ppm O3 or filtered air (FA) for 1 or 5 days, 8 h/day (12 a.m. to 8 a.m.). For atherosclerotic lesion assessment, apoEϪ/Ϫ mice were exposed to 0.5 ppm O3 or FA from 6 to 14 wk of age, 5 days/wk, 8 h/day (12 a.m. to 8 a.m.). This concentration is substantially lower than levels used in several previous studies (e.g., 1.0 -2.5 ppm) (15, 27) , and although still higher than both EPA National Ambient Air Quality Standard (NAAQS) (0.075 ppm) and OSHA permissible exposure limit (0.1 ppm) regulatory levels, mice are routinely recognized as less susceptible to O3 insult than humans due to obligatory nose breathing and other intrinsic factors (42) . Thus, the employed exposure paradigm represents an approach useful for delineating potential pathobiological sequelae in humans. Animals were exposed in 0.8-m 3 stainless steel chambers (O 3 and FA) that employed 30 vol changes/h turnover rates. Ozone was generated from medical grade O 2 using a silent arc electrode and bled into the chamber inflow (ϳ22°C; 50% relative humidity) using mass flow controllers. Chamber supply air (O 3 and FA chambers) was conditioned via passage through sequential course filter, activated charcoal, and HEPA filter units. Chamber concentrations were continuously monitored using a ThermoEnvironmental model 49 Photometric Ozone Analyzer. During exposure periods, food was removed (O3 and FA animals) to preclude ingestion of ozonation products. No differences in body weights were noted, suggesting the O3 exposure regimen did not impact food intake.
Primate exposures were conducted at the California National Primate Research Center Inhalation Exposure Facility at the University of California, Davis. Commencing at 180 days of age, three monkeys were exposed to 5 days of 0.5 ppm O3 for 8 h/day. Four age-matched control monkeys were exposed to filtered air only. Primates were exposed in large stainless steel and glass units (3.5-m 3 vol) utilizing flow rates of 2.1 m 3 /min (30 vol changes/h). Ozone was generated from vaporized liquid medical grade oxygen by electric discharge ozonizers (46) . The ozone concentration was continuously monitored with an ultraviolet ozone analyzer (model 1003; Ahm Dasibi, Glendale, CA). Because M. mulatta are nose breathers, and since all exposures occurred during limited activity/sleep (midnight to 8:00 a.m.), the inhaled doses likely did not differ appreciably from active human exposures (14) .
Tissue collection. Mice were anesthetized via intraperitoneal injection with ketamine/xylazine and exsanguinated via cardiac puncture. Tissues were flash-frozen in liquid nitrogen and stored at Ϫ80°C, except aortas used for vascular tone studies.
Primate necropsies were performed under sterile conditions with full personal protective equipment at the California Regional Primate Research Center. Under the direction of veterinarians and pathology staff, animals were euthanized using humane conditions. The aortas and hearts were removed en bloc, perfused with cold PBS buffer, and immediately flash-frozen in liquid nitrogen for subsequent analyses.
Heart rate and blood pressure measurements. Heart rate and blood pressures (systolic and diastolic) were noninvasively measured by determining tail blood volumes with a volume pressure recording sensor and an occlusion tail-cuff (CODA System; Kent Scientific, Torrington, CT). Animals underwent a 1-wk acclimation with mock exposures (exposed to FA only while housed in an exposure chamber) in which blood pressure and heart rates were measured daily (up to 25 measurements/animal). During this period, no differences were observed between mouse groups. Upon implementation of the actual exposure regimens, blood pressures and heart rates for FA and O3 mice were determined after an initial series of 5 acclimation measurements, followed by 20 experimental measurements, 1-2 h after completion of each exposure regimen. Mice were individually restrained in clear plastic tubes placed in trays that rested on a heating pad (30 -32°C). Measurements were automatically excluded by the system when abrupt changes in blood pressure were detected.
Vascular tone. Isometric tension was measured in murine thoracic aortas as previously described (50) . Relaxation responses were reported as percent contraction relative to the maximal phenyleneprhine (PE)-induced contraction (% maximal contraction). All tension experimental permutations were tested in three to four ring segments from each animal. Results were averaged to yield a weighted mean for each animal.
Nitrite plus nitrate quantification. Nitrite plus nitrate (NO x) levels were determined in mouse aortic tissue homogenates via quantification of the fluorescent product 1H-naphthotriazole using 2,3-diaminonaphthalene (Calbiochem no. 482655) per the manufacturer's instructions.
Oxidant stress measurements. 8-Isoprostane (8-iso PGF 2␣) levels were determined using the ACE competitive EIA kit (Cayman Chemicals) per the manufacturer's instructions. Activity of aconitase, an enzyme that is inactivated by superoxide (O 2
•Ϫ ) and peroxynitrite (ONOO Ϫ ), was assessed as a marker suggestive of O2 •Ϫ and/or ONOO Ϫ contribution to oxidant stress (20) . Superoxide dismutase activity. Total superoxide dismutase (SOD) and mitochondrial SOD (SOD2) activities were determined in murine tissues as previously described (23) .
Immunoblot analysis of SOD2, 3-nitrotyrosine, and eNOS. Commercially available antibodies for SOD2 (Fitzgerald Industries-RDI), 3-nitrotyrosine (Biodesign), total eNOS (Cell Signaling Technology), and phospho eNOS (Ser1177 and Thr495, Cell Signaling Technology) were used to perform immunoblots on murine tissue homogenate protein. Blots were visualized using chemiluminescence of the secondary HRP-goat anti-rabbit IgG (SOD2), HRP-monoclonal mouse anti-rabbit (eNOS), or HRP-monoclonal mouse anti-goat/sheep IgG (nitrotyrosine). Blots were quantified via ECL plus Western Blotting Detection Reagent (GE Healthcare) on a Storm 840 Imaging System (GE Healthcare). Specific activity for SOD2 was calculated by dividing SOD2 enzyme activity by the amount of SOD2 protein present as determined by immunoblot and densitometry (23) .
Mitochondrial DNA damage. Mitochondrial DNA damage (mtDNA) was evaluated by quantitative PCR (QPCR) as described previously (23) . Briefly, total DNA was extracted using the QIAamp DNA mini kit (Qiagen) and quantified via the Picogreen assay kit (Invitrogen). A 16,059-bp region of the mtDNA was amplified via QPCR with [ 32 P]dATP and isolated with agarose gel electrophoresis. To normalize samples for mitochondria count and mtDNA copy number, an 80-bp segment of mtDNA was amplified and isolated with polyacrylamide gel electrophoresis. The gels were dried, DNA bands visualized with Storm 840 imaging system (GE Healthcare), and densitometry analysis performed using ImageQuant (GE Healthcare). Treatment damaging to mtDNA causes a decrease in amplifiable whole length mtDNA templates, which results in decreased QPCR product relative to untreated controls. Densitometry results from the 16,059-bp QPCR were normalized with those of the 80-bp QPCR and expressed as lesion frequency per 16 kb of DNA.
Studies in primates utilized similar conditions and primer sets: MM12356FOR and MM12045REV (CCACCCTTATCTCCCTAA-CTCTCC and CGTGTGAAGGGGGGTTTTATGTTGA, bp 12356 -12379 and 12045-12021, respectively), generating a product of 16.2 kb in size. Differences in mtDNA copy number were normalized utilizing primer set MM708FOR and MM871REV (GGAGCAAG-CATCAAGCACG and TAATCGTGTAACCGCGGTG, respectively) to yield a 163-bp product.
Atherosclerotic lesion assessment. Atherosclerotic lesions were quantified by Oil red-O staining and image analysis of whole aortas, as previously described (23) .
Statistical analyses. Results are expressed as means Ϯ SE. ANOVA was used to test the null hypothesis that all samples were drawn from a single population. If this test revealed significant differences (P Ͻ 0.05), a Student-Newman-Keuls test was used for group comparisons. Statistical analyses were performed with SigmaStat statistical software.
RESULTS
While Table 1 shows that control animal heart rates were within previously reported levels (24) , O 3 exposure significantly increased heart rates as well as mean blood pressures, which was largely attributable to elevated diastolic pressures. Similarly, after 5 days of O 3 , endothelial-dependent (acetylcholine) vasorelaxation was significantly inhibited (Fig. 1B) , whereas PE-induced vasocontraction and endothelial-independent (sodium nitroprusside) vasorelaxation were not appreciably affected (Fig. 1, A and C, respectively) .
To determine whether exposure altered systemic production and/or distribution of the vasorelaxant nitric oxide ( ⅐ NO), NO x levels were quantified in vascular tissues. Figure 2A shows that NO x levels were significantly decreased after both 1 and 5 days of exposure, suggesting rapid and sustained decreased bioavailability of ⅐ NO within arterial tissues as a consequence of O 3 exposure. To determine whether the diminution in vascular NO x content resulted from changes in eNOS protein, total eNOS as well as phospho-Ser1177 and phospho-Thr495 (eNOS activation and inhibition sites, respectively) eNOS levels were determined by immunoblot. Figure 2B shows that total eNOS protein was significantly decreased after exposure, whereas the ratios of phospho-Ser1177 and phospho-Thr495 to total eNOS were unchanged relative to controls, suggesting that O 3 exposure potentiated a decline in total eNOS protein but did not alter the phosphorylation of Ser1177 or Thr495.
Because other stressors (e.g., environmental exposures, vascular disease) show evidence of oxidative stress, mitochondrial damage, and decreased mitochondrial superoxide dismutase (SOD2) activity (9, 23) , the effects of inhaled O 3 on these parameters were investigated in both pulmonary and vascular compartments. Figure 3A illustrates that F 2 -isoprostane levels [isoprostanes are stable endproducts of in vivo lipid peroxidation (31)] were significantly increased in aortic tissues after 5 days of O 3 exposure. Similarly, aconitase, a mitochondrial iron-sulfur enzyme that undergoes specific inactivation by O 2
•Ϫ and ONOO Ϫ , displayed significantly decreased activity in aortas after 5 days (Fig. 3B) (13) ] generated posttranslational protein modifications (tyrosine residue nitration), tissue 3-nitrotyrosine levels were evaluated. As illustrated in Fig. 4 , O 3 exposure significantly increased protein nitration as assessed in aortic homogenates. Because of the observed enhanced oxidant production and the linkages of SOD2 activity to disease pathogenesis, we quantified the effect Fig. 1 . Differences in concentration-response curves to vasoactive agents in C57 mice exposed to either filtered air (open circles) or 5 days of 0.5 ppm O3 8 h/day (filled circles). A: phenylephrine (PE). B: acetylcholine. C: sodium nitroprusside (SNP). Relaxation was quantified as percent maximal vessel tension of the preexisting tone generated by PE. Data are means from 3-4 ring segments from each animal (n ϭ 5 mice/group). *Significant differences (P Ͻ 0.05) vs. filtered air controls. of O 3 exposure on total SOD2 activity, protein levels, and its specific activity. Figure 5A shows that SOD2 activity significantly decreased in aortas. However, despite a concomitant increase in total SOD2 protein (Fig. 5B) , there was a net decline in its specific activity over the time course of exposure (Fig. 5C ).
Similarities and notable dissimilarities were observed in lung tissues. The above-mentioned generation of lipid autoxidation products (Fig. 3A) and SOD2 induction (Fig. 5A) were consistent with well-characterized O 3 biochemistry within the lung (1, 12, 21, 22, 35, 36, 45) . The enhancement in SOD2 activity appeared to be driven by increased protein expression (data not shown), with no net changes in specific activity (Fig.  5C ). SOD2 induction may have compensated for any enhanced O 2
•Ϫ production resulting in no detectable alterations in aconitase activity (Fig. 3B ) and protein nitration (Fig. 4) . However, it is important to note that because O 3 induces site-specific lesions in the lung, and since these analyses used whole lung homogenates, the precise species that contributed to O 3 -related intracellular oxidant stress within the lungs were more challenging to discern given the specifics of the sampling approach.
Because mtDNA can be damaged by oxidative and nitrative stress, and mitochondrial damage can further enhance cellular oxidant production, mtDNA damage was assessed in aorta and lungs from O 3 -exposed and control animals. Data were obtained from both the C57Bl/6 mouse model and from infant nonhuman primates exposed to a single 5-day regimen of O 3 . Figure 6A demonstrates that mtDNA damage accumulated in both mouse lungs and aortas over the 5-day exposure period. In the infant primate model (Fig. 6B) , the abdominal region of the aorta had the greatest mtDNA damage associated with O 3 exposure, a feature consistent with typical regional development of atherosclerotic lesions in primate aortas (8) . Finally, to determine whether O 3 exposure influenced atherosclerotic lesion formation, atherosclerotic-prone apoEϪ/Ϫ mice were exposed to O 3 , using a cyclic intermittent exposure protocol, from 6 until 14 wk of age. Figure 7 reveals that O 3 exposure significantly increased aortic lesion areas compared with fil- Fig. 3 . Effects of O3 on pulmonary and vascular oxidative stress. C57 mice were exposed to filtered air (labeled as unexposed) or O3 (1 or 5 days), and isoprostane levels (A) and aconitase activities (B) were quantified in whole lung and aortic preparations. *Significant differences (P Ͻ 0.05) vs. filtered air controls. Fig. 2 . NOx (nitrite ϩ nitrate) and eNOS protein levels in aortic tissues from control and O3-exposed mice. A: C57 mice were exposed to either filtered air (labeled as "unexposed") or O3 (1 or 5 days); total NOx levels were determined. B: immunoblot quantification of total, phospho-Ser1177 (P-Ser), and phospho-Thr495 (P-Thr) eNOS protein levels in aortic tissues from ozoneexposed (open bars) and filtered air control (filled bars) mice. Total, total eNOS; P-Ser/Total, ratio of phospho-Ser1177 eNOS to total eNOS; P-Thr/ Total, ratio of phospho-Thr495 to total eNOS. *Significant (P Ͻ 0.05) differences vs. filtered air controls.
tered air controls, consistent with the notion that O 3 exposure influences atherogenesis.
DISCUSSION
Diverse studies suggest that pulmonary oxidative insults lead to pathophysiological outcomes that may extend beyond the lung to systemic compartments. For example, inhaled environmental toxins such as tobacco smoke or 1,3-butadiene have been shown to initiate and/or accelerate cardiovascular disease development (23, 32) , and major air pollution constituents that exacerbate lung disease also exacerbate cardiovascular morbidity and mortality (2, 5, 38, 48) . Numerous population studies have implied particulates as directly contributory to cardiovascular perturbations, but assigning specific causality to individual air pollutants is challenging because most ambient exposures involve complex mixtures wherein the various chemical species display differential toxicities, physicochemical interactions with the lung surface, and biological mechanisms of action. Accordingly, epidemiological studies have also associated O 3 exposure with increased hospital admissions related to cardiovascular complications (39) , with some showing independence of O 3 -related effects from other environmental factors, such as particulates (4), whereas others document that O 3 in combination with particulates induces acute conduit artery vasoconstriction (6) . Interestingly, a recent report suggests that exposure to isolated, concentrated ambient fine and ultrafine particles fails to induce vascular changes in CVD patients or "healthy" subjects (30) . Hence, particulate exposure alone may not always mediate significant vascular effects, and thus, combinatorial influences dependent on particle composition, gaseous components (such as O 3 ), and related physicochemical interactions among the pollutants and the lung may govern the biological impacts and outcomes of an environmental exposure.
Studies characterizing the molecular mechanisms of O 3 -specific vascular perturbations have been generally lacking. The increased heart rate and blood pressure measures reported herein conflict with some reports but are consistent with others (11, 17, 38, 43 ). The majority of previous studies assessed resting heart rates and blood pressures during or immediately after O 3 exposure, whereas in this study, readouts were obtained 1-2 h postexposure in conscious mice. Hence, interstudy differences related to "time of measurement," measurement methodology, and/or overall stress levels likely affect outcome measures. The results herein represent postexposure effects under moderate stress conditions, which may approximate population studies showing O 3 impacts on acute ischemic heart disease occurring within the first 24 h after exposure (39) . Finally, while various O 3 or O 3 plus particulates studies report no changes in blood pressure, others show that O 3 increases diastolic blood pressure (43) , as observed herein. Although in humans, combined O 3 plus particulate exposures may modulate vascular tone (6, 43) , alterations in endothelial-dependent Fig. 4 . 3-Nitrotyrosine levels in lungs and aortas. C57 mice were exposed to filtered air (labeled as unexposed) or 5 days of O3, and nitrotyrosine levels were determined by immunoblot in lung and aortic homogenates. Nitrotyrosine levels are expressed relative to filtered air control tissue. *Significant differences (P Ͻ 0.05) vs. filtered air controls. Fig. 5 . SOD2 activity and protein levels in lungs and aortas. C57 mice were exposed to filtered air (labeled as unexposed) or O3 (1 or 5 days), and SOD2 activity and protein levels were quantified in lungs (filled bars) and aortas (open bars). A: SOD2 activity. B: SOD2 immunoblot of aortic homogenates. C: SOD2 specific activity (SOD2 activity/relative SOD2 protein; determined by immunoblot). *Significant differences (P Ͻ 0.05) vs. filtered air controls.
or -independent homeostatic regulation have not been reported. Our results suggest inhaled O 3 , per se, initiates biological events that contribute to diminished vascular endothelial responsiveness and increased oxidant stress.
Ozone exposure decreased SOD2-specific activity and increased mtDNA damage in the murine vasculature, suggesting that inhaled O 3 may perturb vascular function by increasing oxidant stress that induces mitochondrial damage leading to further oxidant production. Decreased mitochondrial SOD protein levels and activity have been associated with alterations in endothelial function, blood pressure regulation, and diminutions in eNOS protein levels (9, 37) . Although it is unclear whether a direct relationship between mitochondrial oxidant production and eNOS exists, TNF␣, a key inflammatory cytokine [O 3 exposure induces TNF␣ in the lung (10) including infant primates (unpublished observations)], can decrease both eNOS and argininosuccinate synthase levels while increasing arginase levels in the vasculature (16, 18) . Although the effects of TNF␣ on eNOS have been attributed to eNOS mRNA transcript stability (49) , mitochondrial ROS production plays a pivotal role in TNF␣-mediated cellular effects (19, 41, 47) . It has been suggested that TNF␣, eNOS, and mitochondrial biogenesis are interrelated (44) . Importantly, mitochondrial function, oxidant stress, and ⅐ NO homeostasis have all been suggested to influence atherogenesis, which could provide an explanation for the exposure-related enhancement of atherosclerotic lesion formation in the apoEϪ/Ϫ mouse model.
The pulmonary effects of O 3 have received considerable previous attention (14) . In this study, inhaled O 3 increased both isoprostanes and mtDNA damage in the lung, yet NO x , 3-nitrotyrosine levels, and aconitase activities were not significantly altered. Hence, while pulmonary and vascular responses to inhaled O 3 were similar in certain respects, tissue differences were also noted, although this might largely stem from the use of whole lung homogenates. Furthermore, we did not detect appreciable lung protein nitration as has been observed by others (e.g., Ref. 26) . Such discrepancies may be derived from differences in exposure paradigms, sampling time, and the use of whole lung Western analyses vs. immunohistochemistry. The extent of increased pulmonary SOD2 total activity suggests appreciable induction and agrees with previous reports of increased protein levels and total SOD activity, or its isoforms (SOD1, SOD2, and SOD3), in mouse (12), rat (36) , and human alveolar cells (1), although contributions from cellular repair processes cannot be discounted at the 5-day time point (inflammation would be largely resolved). Animal studies have also demonstrated that O 3 induces SOD2 protein levels in proximal type II alveolar epithelial cells (45) . Increased pulmonary SOD2 activity observed in these studies is consistent with augmented dismutation of O 2
•Ϫ to H 2 O 2 in the lung, which is capable of contributing to both isoprostane and mtDNA damage but would reduce impacts on aconitase activity and ONOO Ϫ formation. Fig. 7 . Oil red-O staining of whole aortas. Male apoEϪ/Ϫ mice were exposed to filtered air or 8 cycles of O3 (1 cycle ϭ 5 days O3 followed by 2 days of filtered air) and killed, and whole aortas were fixed and stained with oil red-O. Data are expressed as percent positive staining area relative to total aortic area. *Significant differences (P Ͻ 0.05) vs. filtered air controls. After dissolution into the epithelial lining fluid of the lung surface, inhaled O 3 undergoes facile reaction with multiple substrates, which maintains the net driving force for absorption and produces secondary reactive species such as the ozonide radical, singlet oxygen, hydrogen peroxide, antioxidant radical intermediates, and a variety of lipid ozonation products (3, 21, 22, 25, 34, 35) . Lipid ozonides are either directly cytotoxic/ bioactive or can undergo decomposition reactions to generate additional bioactive species. Exposure-derived reaction products initially contact epithelial apical membranes leading to cascades that produce acute cell injury, activation of signaling pathways, and compensatory cellular responses.
Such physicochemical sequelae clearly trigger inflammatory responses that may account for systemic perturbations. For instance, cellular oxidants are key in activating the redoxsensitive transcription factor, NF-B, which controls expression of numerous genes crucial for inflammation and stress responses, including TNF␣, COX-2, and cPLA 2 , for example (28) . Translocation of pulmonary cytokines/chemokines into the vascular space and/or activation of circulating immune cells could initiate downstream events such as observed in these current studies. Whether oxidatively modified diffusible products (e.g., lipid ozonation products) gain access to the vascular space to generate extrapulmonary outcomes remains unknown. TNF␣-associated effects such as increased mitochondrial ROS production (modulated by SOD2) and decreased eNOS levels (44, 49) can influence a variety of cellular processes. The data observed herein imply that exposure-related increased O 2
•Ϫ production may have contributed to enhanced vascular oxidant stress and ⅐ NO consumption, thereby impacting endothelial function. Vascular eNOS protein and NO x levels also declined, further supporting decrements in ⅐ NO bioavailability. Thus, in composite, these results indicate that inhaled O 3 disrupted normal ⅐ NO-mediated vasoregulatory pathways. Such impacts potentially perturb endothelial function/responsiveness, oxygen delivery to the coronary circulation, and thus cardiac function. Whereas such scenarios may not immediately affect healthy individuals, changes in oxidative stress, blood pressure, and endothelial function mediated by environmental O 3 exposure could potentially promote acute, clinically relevant cardiac events in persons with CVD, such as established coronary disease, or at significant risk for CVD.
These studies are the first to report direct causal linkages among inhaled O 3 exposure, altered vascular function, mitochondrial damage, and atherogenesis. Importantly, initial exposure studies in infant nonhuman primates also revealed increased aortic mtDNA damage, suggesting that molecular processes characterized in the more in-depth mouse studies may be operative during early life exposures in nonhuman primates. It should be reiterated that exposures employed 0.5 ppm O 3 , they were conducted when primates were physically inactive, and that nasal breathing induces substantial upper airway scrubbing. Because children are routinely identified as more susceptible to air pollutants, health effect concerns beyond asthma exacerbation, for example, should be carefully considered. Future studies in both nonhuman primates and transgenic mouse models should provide important additional insights regarding the precise molecular mechanisms that mediate the vascular effects of inhaled O 3 , and likewise, the mechanistic links between pulmonary insult and vascular injury. Perhaps more importantly, such studies would facilitate a clearer assessment and understanding of the potential cardiovascular effects of both short-and long-term, environmentally relevant O 3 exposures in adults and children. 
